recently, except for A1 adenosine, N-methyl-D-aspartate, and cannabinoid receptors, little effort has been made to unravel possible roles of parallel fiber (PF) presynaptic receptors in long-term depression (LTD) of synaptic transmission at PF-Purkinje cell (PC) synapses. Presynaptic kainate (KA) receptors are also present on PFs and might also influence LTD induction by modulating glutamate (Glu) release at PF-PC synapses. This hypothesis was tested by comparing the efficacy of two pairing protocols in inducing LTD in adult wild-type and knock-out mice for the Glu receptor 6 (GluR6) subunit of KA receptors. Activation of presynaptic KA receptors was unnecessary for LTD induction when PF inputs were paired with climbing fiber (CF) stimulation but became crucial when CF input was replaced by direct depolarization of PCs. By comparing basal paired-pulse facilitation of PF-excitatory postsynaptic currents (EPSCs) and depolarization-induced suppression of excitation in adult wild-type and GluR6 knock-out mice, it was shown that the participation of PF presynaptic KA receptors in LTD induction was likely to mainly result from their tonic activation by basal extracellular Glu, rather than from their activation by retrograde release of Glu by PCs during pairing protocols. Finally, this study suggests that, in adult mice, CFs not only participate in LTD induction by depolarizing postsynaptic cells but also by activating postsynaptic mGluR1␣ metabotropic glutamate receptors at CF-PC synapses.
one; Bureau et al. 1999) . Indeed, invalidating this KA receptor subunit renders PF presynaptic KA receptors nonfunctional (Crepel 2007) . Additional experiments were also performed on nearly mature (18 -22 days old) Sprague-Dawley rats (see supplementary data).
1 In all cases, animals were stunned before decapitation, and parasagittal slices, 250 m thick, were cut in ice-cold saline solution from the cerebellar vermis with a vibroslicer. Slices were incubated at room temperature in saline solution equilibrated with 95% O 2 -5% CO 2 for Ն1 h. The recording chamber was perfused at a rate of 2 ml/min with oxygenated saline solution containing (in mM) 124 NaCl, 3 KCl, 24 NaHCO 3 , 1.15 KH 2 PO 4 , 1.15 MgSO 4 , 2 CaCl 2 , 10 glucose, and the GABA A antagonist bicuculline methochloride (10 M, Sigma Aldrich, St. Quentin Fallavier, France), osmolarity 320 mOsm, and final pH 7.35 at 27-28°C except when otherwise specified. PCs were directly visualized with Nomarski optics through the ϫ40 water-immersion objective of an upright microscope (Zeiss).
Drugs were added to the superfusate. (S)-3,5-dihydroxyphenylglycine (DHPG) and (2S,4R)-4-methylglutamic acid (SYM 2081) were purchased from Tocris (Illkirch, France). Stock solutions of drugs (dissolved in water) were added to the oxygenated saline solution at the desired concentration.
Whole cell patch-clamp recordings were performed at a somatic level from PCs located in Larsell's lobules III to VIII, using an Axopatch-200A amplifier (Axon instruments). Stimulating electrodes consisted of saline filled monopolar electrodes. In LTD experiments and except during pairing periods, PF stimulations were performed every 6 s using paired pulses (30-ms interval). In depolarization-induced suppression of excitation (DSE) experiments, the same paired pulses were delivered every 2 s. In LTD experiments with pairing protocols including CF stimulations, patch pipettes (2-4 M⍀) were filled with a solution containing (in mM) 140 K-gluconate, 6 KCl, 10 HEPES, 0.75 EGTA, 1 MgCl 2 , 4 Na2-ATP, and 0.4 Na-GTP, pH 7.35 with KOH and 300 mOsm. In LTD experiments with pairing protocols including direct depolarization of PCs and in experiments on DSE, patch pipettes (2-4 M⍀) were filled with a solution containing (in mM) 140 Cs-gluconate, 6 KCl, 10 HEPES, 0.2 EGTA, 1 MgCl 2 , 4 Na2-ATP, 0.4 Na-GTP, and 20 TEA (pH and osmolarity adjusted accordingly). The compounds used in the preparation of internal solutions were purchased from Sigma Aldrich. In cells retained for these analyses, access resistance (usually 4 -8 M⍀) was partially compensated (50 -70%), according to the procedure described by Llano et al. (1991) . Cells were held at a membrane potential of Ϫ70 mV, and PF-EPSCs were elicited on 10-mV hyperpolarizing voltage steps that allowed monitoring of the passive electrical properties of the recorded cell throughout the experiment (Llano et al. 1991) . In this study, membrane potential values were not corrected for junction potentials because maintaining PC soma near Ϫ80 mV did not prevent stable long-term recordings of PF-EPSCs (see Figs. 2 and 4) and minimized the occurrence of voltage escapes or spikelets that were sometime observed on top of PF-EPSCs. Indeed, because of only partial compensation of series resistances and the cable properties of fully developed dendritic arborisations of adult PCs, actual holding potentials at stimulated PF-PC synapses were certainly less negative.
LTD was induced, after a control period of Ն5 min, by two different pairing protocols, each consisting of two successive identical pairings separated by 5 min, to better saturate LTD. In the first protocol, pairings were performed at resting potential and in currentclamp mode with the potassium-based internal solution. Each pairing consisted of 30 pairs (delivered at 0.1 Hz) of a burst of 10 PF stimuli at 100 Hz followed by two CF stimuli delivered at 20 Hz (Fig. 1A ) Regehr 2005, 2008) . In the second pairing protocol (Casado et al. 2000 (Casado et al. , 2002 Shin and Linden 2005) , pairings were performed in voltageclamp mode with the Cs ϩ TEA-based internal solution. It consisted of two PF stimuli with an interstimulus interval of 10 ms that was paired at 0.5 Hz for 2 min with depolarization of PCs from Ϫ70 to 0 mV for 100 ms (see RESULTS and Fig. 2) . In all cases, the depolarization preceded the onset of the parallel fiber stimulation by 20 ms.
Paired-pulse facilitation (PPF) (Atluri and Regehr 1996; McNaughton 1982; Schultz et al. 1994 ) was calculated on-line as the ratio of the amplitude of the second PF-EPSC over the first one. Mean PPF values were obtained by averaging PPFs in individual traces for each cell studied in a given condition. Although this conventional method can produce spurious results (Kim and Alger 2001) , no use was made of the alternative method proposed by these authors because, in a recent study on DSE at PF-PC synapses, both methods produced very similar results (Crepel 2007) . Because PPF increases associated with DSE were small (see RESULTS and Crepel 2007) and obscured by the variability of basal PPF between cells, mean PPFs were further normalized in these experiments by determining the mean normalized PPF ϭ 100 ϫ (mean PPF/PPFi) for each cell, where PPFi was the individual PPF value of the last trace preceding the depolarizing step.
Statistical significance was assessed by paired or unpaired t-test and by 2 tests, with P Ͻ 0.05 considered to be significant. All error values given are mean Ϯ SE.
R E S U L T S

Differential effects of genetic impairment of presynaptic KA receptors on LTD induction by two different protocols in adult wild-type and GluR6
Ϫ/Ϫ mice
In wild-type mice, the first pairing protocol (see METHODS and Fig. 1A ) induced a clear-cut LTD of PF-EPSCs in 5 of the 10 cells tested, with a highly significant (P Ͻ 0.001) mean reduction in amplitude of synaptic responses of 22.77 Ϯ 4.85% 30 min after the end of the second pairing (Fig. 1, B and C) . In the five remaining cells, an 11.79 Ϯ 5.30% short-term depression (STD) of PF-EPSCs was induced, with a recovery of initial PF-EPSC amplitude within 30 min after the second pairing protocol (data not shown). When all 10 cells were analyzed together, LTD was still significant 30 min after the end of the second pairing (P Ͻ 0.05), with a mean reduction in PF-EPSC amplitude of 13.28 Ϯ 3.89%. This LTD was not accompanied by any significant change in PF-EPSC kinetics or PPF (Fig. 1, B and D) . Results were very similar when the same pairing protocol was performed in GluR6 Ϫ/Ϫ mice because clear-cut LTD was induced in 5/10 cells tested, again with a highly significant (P Ͻ 0.001) mean reduction in amplitude of synaptic responses of 19.38 Ϯ 2.83% 30 min after the end of the second pairing (Fig. 1C) , whereas, in the five remaindering cells, either no long-lasting change in EPSC amplitude (n ϭ 4) or a long-term enhancement (14.53%; n ϭ 1) was observed (Fig. 1C) . As expected, the average reduction in PF-EPSC amplitude for pooled data from these 10 cells (8.9 Ϯ 3.85%) was not significantly different from that obtained with pooled data in wild-type mice. Here again, this LTD was not accompanied by any significant change in either evoked EPSC kinetics (data not shown) or PPF (Fig. 1D) . However, and as previously reported (Crepel 2007; Crepel and Daniel 2007) , basal PPF of PF-EPSCs was significantly (P Ͻ 0.05) larger in GluR6 Ϫ/Ϫ mice (1.46 Ϯ 0.03%; n ϭ 19) than in wild-type animals (1.33 Ϯ 0.03%: n ϭ 19), suggesting that tonic activation of presynaptic KA receptors by ambient Glu in extracellular medium contributes to tonic activation of PF releasing sites in wild-type animals (Delaney and Jahr 2002) .
In both wild-type and GluR6 Ϫ/Ϫ mice, the presence or absence of LTD was unlikely to be related to differences in location of recorded cells within the cerebellum because both populations of cells were scattered across all lobules studied 1 The online version of this article contains supplemental data.
(see METHODS) . Similarly, no significant difference in holding current or input resistance could be evidenced between them (data not shown). Finally, a possible correlation with the parasagittal zonation of zebrin or EAAT4 expression (Dehnes et al. 1998; Wadiche and Jahr 2005) was also unlikely because cells exhibiting LTD or no change in synaptic efficacy could be located within the same folium of the same parasagittal slice. However, such a lack of correlation would need to be confirmed by intracellular staining of recorded PCs, together with immunocytochemical staining of zebrin or EAAT4 expression (Dehnes et al. 1998) .
In wild-type mice, the second pairing protocol (see METHODS and Fig. 2A ) induced LTD in 5 of the 10 cells tested, with a highly significant (P Ͻ 0.001) mean reduction in PF-EPSC amplitude of 26.19 Ϯ 4.23% 30 min after the end of the second pairing ( Fig. 2A ). In the remaining five cells, either no change (n ϭ 2) or a progressive and prolonged enhancement of PF-EPSCs (n ϭ 3) was induced by this pairing protocol, so that averaged enhancement of PF-EPSCS for these five cells was 12.57 Ϯ 13.74% at the end of the recording period ( Fig.  2A) . As a consequence, no significant LTD was observed following the second pairing protocol when PF-EPSC values from the 10 tested cells were pooled. Indeed, mean reduction in amplitude of PF-EPSCs now only amounted to 5.42 Ϯ 7.01% 30 min after the end of the second pairing (data not shown). Because this latter result raised the possibility that PF-EPSC amplitudes were not genuinely split into two subpopulations of cells exhibiting either LTD or prolonged enhancement of PF-EPSCs, but were in fact distributed at random within an homogeneous population of cells, stability of PF-EPSC recordings in the absence of induction protocol was ascertained in another group of 10 cells. As shown in Fig. 2A , PF-EPSC amplitudes were now fairly stable in such conditions, precluding for instance that the rather high potassium concentration of the bathing medium (4.15 mM; see METHODS) progressively led to inhibition of action potential propagation during repeated stimulation, and thus led to progressive fading of PF-EPSCs instead of genuine LTD. Altogether, the latter results suggest in turn that genuine LTD was indeed induced by the second paring protocol in one half of the cells tested in wild-type mice, whereas the others exhibited no change or genuine increases in synaptic efficacy, in keeping with the fact that LTD was also reliably induced in nearly FIG. 1. Long-term depression (LTD) induced in current-clamp by pairing at low frequency bursts of parallel fiber (PF) stimuli with climbing fiber (CF) stimuli in adult wild-type and GluR6 Ϫ/Ϫ mice. A: representative Purkinje cell (PC) responses to induction stimulation (repeated at 0.1 Hz for 5 min) of 10 PF stimuli at 100 Hz and 2 CF stimuli at 20 Hz (indicated by F and OE, respectively) in control bathing medium. B: excitatory postsynaptic currents (EPSCs) elicited in this cell before (1; blue) and 30 min after LTD induction (2; green) by 2 identical PF stimuli separated by 30 ms (black dots). Scaled excitatory postsynaptic potentials (EPSPs) after LTD induction (red) are superimposed with trace control to show that LTD was not accompanied by any significant change in EPSP kinetics. C: the summary of experiments in wild-type mice (referred as to GluR6 ϩ/ϩ mice in this and in subsequent figures; F, n ϭ 5) and in GluR6 Ϫ/Ϫ mice (E, n ϭ 5) show the average (ϮSE; same in all figures, except otherwise specified) normalized EPSC amplitude as a function of time before and after 2 successive identical pairings (black arrows) separated by 5 min. Individual values of corresponding normalized PF-EPSC amplitudes 30 min after the 2nd pairing are shown on the right of these 2 plots. Note that invalidating presynaptic KA receptors did not significantly affect LTD in these experiments. D: histogram of mean basal paired-pulse facilitation (PPF) values in control conditions in wild-type and GluR6 Ϫ/Ϫ mice (GluR6 ϩ/ϩ Con and GluR6 Ϫ/Ϫ Con, respectively) and 30 min after LTD induction (GluR6 ϩ/ϩ LTD and GluR6 Ϫ/Ϫ LTD, respectively). In none of these instances did LTD significantly affect PPF in these experiments. However, average PPF were significantly larger (P Ͻ 0.05; black stars) in GluR6 Ϫ/Ϫ than in wild-type mice.
adult rats by a similar pairing protocol (see Supplementary Results and Supplementary Fig. S1 ).
In marked contrast, of the nine cells tested in GluR6
Ϫ/Ϫ mice, none exhibited LTD, and all exhibited either no change or a progressive and prolonged enhancement of PF-EPSCs following the second pairing protocol, which amounted to 17.01 Ϯ 5.11% (n ϭ 9) 30 min after the second pairing (Fig.  2B ). This value was significantly (P Ͻ 0.05) different from the mean change in PF-EPSC amplitude calculated in the same conditions for the 10 cells tested in wild-type mice, well in keeping with striking difference in proportions of cells exhibiting LTD in wild-type and GluR6 Ϫ/Ϫ mice ( 2 test; P Ͻ 0.02).
Because replacing doublets of PF stimuli during the second pairing protocol by the same burst of PF stimuli as used in the first one failed to rescue LTD in GluR6 Ϫ/Ϫ mice (see last section of the results), this parameter was probably not the cause of the differential sensitivity of the two pairing protocols to the genetic invalidation of presynaptic KA receptors. Rather, the results mentioned above suggest that activation of PF presynaptic KA receptors are necessary for LTD induction when PF-EPSCs are paired at low frequency with direct depolarization of PCs but are not required when induction protocols include CF stimulation. Interestingly, very similar results were obtained when comparing LTD induction by the same paring protocols in nearly mature control rats and in rats where presynaptic KA receptors were pharmacologically blocked (see Supplementary Results and Supplementary Fig. S1 ).
Retrograde release of Glu does not participate in LTD induction in adult mice
Involvement of presynaptic KA receptors in LTD induction following the second pairing protocol might be caused either by tonic activation of these receptors by basal extracellular levels of Glu or by their activation through retrograde release of Glu by depolarized PCs, as has been shown to occur during DSE in 18-to 24-day-old rodents (Crepel 2007) . In depolarization-induced potentiation of inhibition (DPI) and in depolarization-induced slow current (DISC) in immature rats (Duguid and Smart 2004; Shin et al. 2008) , such retrograde release of Glu depends on vesicular glutamate transporters and of vesicular fusion (Duguid et al. 2007; Shin et al. 2008) . However, VGLUT3, the only known vesicular glutamate transporter identified in immature PCs, is no longer expressed in fully mature animals (Gras et al. 2005) , suggesting that retrograde release of Glu may be no longer present in the adult mice that were subjected to this second pairing protocol in these experiments. To test this hypothesis, we compared DSE in adult wild-type and GluR6 Ϫ/Ϫ mice, because invalidation of PF presynaptic KA receptors in the latter blocks the Gludependent component of DSE (Crepel 2007) .
In adult wild-type mice, PC depolarization of from Ϫ70 to 0 mV for 1 s elicited a DSE that consisted of an initial fast component followed by slower one (Fig. 3A1 ). Like in juvenile or nearly mature rodents (Brenowitz and Regehr 2003; Crepel 2007; Kreitzer and Regehr 2001; Safo and Regehr 2005) , the initial fast component lasted Ͻ1 min (Fig. 3A1) , with a mean decrease in PF-EPSC amplitude of 14.33 Ϯ 2.21% (n ϭ 8) and was accompanied by a small but significant (P Ͻ 0.05) increase in mean normalized PPF from 100.32 Ϯ 1.10 to 105.13 Ϯ 1.07% (Fig. 3A2) . Although no attempt was made to further characterize the nature of this fast component, it was reminiscent of the endocannabinoid-dependent component of DSE seen in immature animals (Brenowitz and Regehr 2003; Crepel 2007; Kreitzer and Regehr 2001; Safo and Regehr 2005) . However, its amplitude was small compared with that of the initial component of DSE observed in the same conditions in 3-wk-old animals, because the latter reached 35.58 Ϯ 6.64% (Crepel 2007) .
The slow component of DSE exhibited an even smaller amplitude decrease (mean decrease ϭ 6.18 Ϯ 1.64%) and was of much longer duration, i.e., Յ10 min (Fig. 3A1) . At first sight, it was therefore reminiscent of the Glu-dependent com- . A: plots of mean normalized amplitudes of PF-evoked ESPCs as a function of time in adult wild-type mice in the absence of induction protocol (ᮀ; note the stability of mean and SE) or before and after 2 successive identical pairings (arrows) separated by 5 min (black and gray circles). Each pairing consisted of 2 PF stimuli with an interstimulus interval of 10 ms that were paired at 0.5 Hz for 2 min with depolarization of PCs from Ϫ70 to 0 mV for 100 ms. The 2 latter plots correspond to PCs that exhibited no change or long-term enhancement (gray circles; n ϭ 5) or, on the contrary, LTD (black circles; n ϭ 5) of PF-EPSCs. Individual values of corresponding normalized PF-EPSC amplitudes 30 min after the 2nd pairing as in Fig. 1 . B: same as in A in adult GluR6 Ϫ/Ϫ mice. Note that no LTD was induced in this case. Inset: this pairing protocol.
ponent of DSE seen in 3-wk-old mice and rats (Crepel 2007) . However, the mean decrease in PF-EPSC amplitude during this slow component of DSE was significantly (P Ͻ 0.01) smaller than that of the Glu-dependent component of DSE in 3-wk-old wild-type mice because the latter amounted to 13.14 Ϯ 1.19% (n ϭ 11; data taken from Crepel 2007; Fig.  3A1 ). Moreover, and contrary to the Glu-dependent component of DSE in 3-wk-old wild-type mice (data taken from Crepel 2007; Fig. 3A2 ), the slow component of DSE in adult wild-type mice was not accompanied by any significant increase in mean normalized PPF (Fig. 3A2) . Finally, the slow component of DSE in adult GluR6 Ϫ/Ϫ mice, i.e., those lacking the Gludependent component of DSE (Crepel 2007), did not significantly differ in mean time-course or mean amplitude (8.95 Ϯ 1.51%; n ϭ 9) from those of DSE in wild-type mice of the same age (Fig. 3A1 ). Therefore these results strongly suggest that the Glu-dependent component of DSE is lacking in 3-to 4-mo-old mice, which in turn suggests that retrograde release of Glu no longer operates, in keeping with the absence of VGLUT3 in adult animals (Gras et al. 2005) . Interestingly, the amplitude and time course of the slow component of DSE in adult wild-type mice were very similar to those of the residual endocannabinoid-and Glu-independent component of DSE seen in nearly mature rodents (Supplemental Fig. S1 in Crepel 2007). Taken together, these results make the participation of retrograde release of Glu in LTD induction following the second pairing protocol unlikely in adult wild-type mice. Rather, participation of presynaptic KA recetors in LTD induction is likely to result from their tonic activation by basal extracellular levels of Glu (Delaney and Jahr 2002) .
Activation of postsynaptic mGluR1 receptors at CF-PC synapses rescues LTD induced by pairing PF stimulations with direct depolarization of PCs in adult GluR6
Ϫ/Ϫ mice Climbing fibers, besides allowing calcium entry in postsynaptic cells, also activate postsynaptic mGluR1 receptors at CF-PC synapses (Baude et al. 1993 ). In the first pairing protocol, CF inputs might thus also contribute to LTD induction by promoting IP3 production and release of calcium from internal stores (Aramori and Nakanishi 1992), whereas such an additional cascade would be absent when CF activation is replaced by direct depolarization of postsynaptic cells in the second pairing protocol. According to this hypothesis, the fact that LTD was still reliably induced in the absence of CF stimulation in adult wild-type mice by the second pairing protocol indicates that activation of mGluR1 and AMPA receptors at PF-PC synapses is able to overcome the absence of the postsynaptic mGluR1 receptor-dependent intracellular cascade at CF-PC synapses. In contrast, this absence might well be now sufficient to prevent LTD induction when associated with the decrease in basal release probability of Glu by PFs in adult GluR6 Ϫ/Ϫ mice that leads in turn to a weaker activation of mGluR1 and AMPA receptors at PF-PC synapses (Ito 2001) .
To test this hypothesis, we determined whether bath application of 25 M of the selective mGluR1 agonist S-DHPG (Schoepp et al. 1994 ) was able to rescue LTD induction by the second pairing protocol in adult GluR6 Ϫ/Ϫ mice. This concentration of S-DHPG was chosen because it is near threshold for exerting alone a sizeable effect on PF-EPSCs (Crepel and Daniel 2007) . Indeed, in these experiments, bath application of S-DHPG at 25 M for 7 min induced a small and transient depression of PF-EPSCs (9.98 Ϯ 2.47% on average; Fig. 4A ; n ϭ 6). When the second pairing protocol was performed during bath application (7 min) of 25 M S-DHPG in GluR6 Ϫ/Ϫ mice, LTD was fully restored because the results were very similar to those obtained with the same pairing protocol in adult wild-type mice ( Fig. 2A) . Indeed, LTD was induced in 6 of the 11 cells tested, with a mean reduction in PF-EPSC amplitude of 20.52 Ϯ 5.17% 30 min after the end of the second pairing (Fig. 4B) . In the remaining five cells, either no change (n ϭ 1) or a progressive and prolonged enhancement of PF-EPSCs (n ϭ 4) was induced, so that averaged enhancement of PF-EPSCS for these five cells was 29.91 Ϯ 7.08% at the end of the recording period (Fig. 4B) . The assumption that PF-EPSC amplitudes were genuinely split into two subpopu- FIG. 3. Depolarization-induced suppression of excitation in adult wild-type and GluR6
Ϫ/Ϫ mice compared with the Glu-dependent component of DSE in nearly mature wild-type mice. A1: superimposed plots of the mean normalized amplitudes of PF-EPSCs recorded from adult wild-type and GluR6 Ϫ/Ϫ PCs (red circles, n ϭ 8 and blue circles, n ϭ 9, respectively), as well as from 18-to 24-day-old wild-type mice (green circles; n ϭ 11; data from Crepel 2007). Experiments in 18-to 24-day-old mice were performed in the presence of 1 M of the potent CB1 receptor antagonist SR141716-A (references in Levenes et al. 1998 ) to block the endocannabinoid-dependent component of DSE (Crepel 2007) . In all cases, the depolarizing pulse at 0 mV for 1 s was applied at time ϭ 0 (arrow). PF-EPSCs were normalized against responses immediately preceding the depolarizing pulse and averages were calculated every 2 s. Note the absence CB1-dependent component of DSE in adult wild-type and GluR6 Ϫ/Ϫ PCs. A2: superimposed plots of the mean normalized PPF of PF-EPSCs in the same DSE experiments as shown in A1 and with the same symbols, respectively. Note that the PPF increase associated with the Gludependent component of DSE in 18-to 24-day-old wild-type mice was absent during the residual DSE elicited in adult wild-type and GluR6 Ϫ/Ϫ PCs.
lations of cells exhibiting either LTD or prolonged enhancement of PF-EPSCs was confirmed by showing that this distribution of PF-EPSC amplitudes was significantly different ( 2 test; P Ͻ 0.01) from that obtained when the same pairing protocol was applied in the absence of S-DHPG (see Fig. 2B ). Moreover, and as for experiments on LTD induced in adult wild-type mice by the second pairing protocol ( Fig. 2A) , this conclusion was also strengthened by the stability over time of PF-EPSCs when the second pairing protocol was omitted during S-DHPG application (Fig. 4A ).
Although these results are consistent with the aforementioned hypothesis, they could also be caused by a better saturation of mGluR1 receptors at PF-PC synapses in the event these receptors are not saturated by the concentration of Glu released by PFs, which is likely to be the case for doublets of PF stimuli used here (see METHODS; Batchelor and Garthwaite 1993, 1997) . To test this possibility, doublets of PF stimuli were replaced by bursts of 10 PF stimuli at 100 Hz in the second pairing protocol to better saturate postsynaptic mGluR1 receptors at PF-PC synapses. However, even under these conditions, no LTD was induced in control bathing medium in the eight cells tested in adult GluR6 Ϫ/Ϫ mice that exhibited instead either no change or a progressive and prolonged enhancement of PF-EPSCs (Fig. 4C) . Accordingly, this distribution of PF-EPSC amplitude significantly contrasted ( 2 ; P Ͻ 0.02; but see DISCUSSION) that observed in Fig. 4B . Therefore the absence of LTD when doublets of PF stimuli were replaced by bursts of 10 PF stimuli at 100 Hz in the second pairing protocol does not support the idea that rescue of LTD by S-DHPG was simply caused by a better saturation of mGluR1 receptors at PF-PC synapses. On the other hand, results achieved in the presence of S-DHPG with the second pairing protocol in adult GluR6 Ϫ/Ϫ mice were very alike those obtained in standard bathing medium in these mice when the first pairing protocol (that included CF stimulations) was used (see 1st section of the results and Fig. 1C) . Altogether, these results therefore suggest that activation of the postsynaptic mGluR1 receptor-dependent cascade at CF-PC synapses during the first pairing protocol in adult GluR6
Ϫ/Ϫ mice is sufficient to overcome the weaker effect of PF inputs and thus allow LTD to be still reliably induced.
D I S C U S S I O N
The comparison of the differential effects of genetic impairment of presynaptic KA receptors on LTD induction by two different pairing protocols in adult wild-type and GluR6 Ϫ/Ϫ mice strongly suggest that activation of PF presynaptic KA receptors is unnecessary when induction protocols include CF stimulations, but becomes crucial when CF input is replaced by direct depolarization of PCs. In this latter case, participation of presynaptic KA receptors is likely to result from their tonic activation by basal extracellular levels of Glu rather than from their activation by retrograde release of Glu by depolarized PCs. Finally, this study suggested that CFs not only participate in LTD induction by depolarizing postsynaptic cells but also by activating postsynaptic mGluR1 receptors at CF-PC synapses.
Role of presynaptic KA receptors in LTD induction
Activation of postsynaptic AMPA and mGluR1 receptors at PF-PC synapses during pairing protocols constitutes an important initial step in the intracellular cascade that will ultimately lead to LTD through phosphorylation of postsynaptic AMPA receptors and their removal via clathrin mediated endocytosis (Chung et al. 2003; Ito 2001; Leitges et al. 2004; Linden 2001; Matsuda et al. 2000; Tanaka and Augustine 2008; Wang and Linden 2000) . Participation of presynaptic KA receptors in LTD induction can be therefore anticipated because their weak or strong activation up-or downregulates Glu release at PF-PC synapses, respectively (Crepel 2007; Delaney and Jahr 2002) and is thus likely to favor or disfavor LTD induction by enhancing or on the contrary by weakening the activation of postsynaptic AMPA and mGluR1 receptors. Ϫ/Ϫ mice. A: plot of mean normalized amplitudes of PF-EPSCs (E) recorded from PCs (n ϭ 6) over time before, during, and after bath application of 25 M (S)-3,5-dihydroxyphenylglycine (S-DHPG) for 7 min as indicated by the corresponding horizontal bar. S-DHPG only induced a small and transient suppressant effect on PF-EPSCs. B: same experiments and same plots as in Fig. 2B , except that the 2 pairings (inset as in Fig. 2) were performed in the presence of 25 M S-DHPG in the bath for 7 min. As before, the 2 plots correspond to PCs that exhibited no change or long-term enhancement (gray circles; n ϭ 5), or, on the contrary, LTD (E; n ϭ 6) of PF-EPSCs. Individual values of corresponding normalized PF-EPSC amplitudes 30 min after the 2nd pairing are shown on the right of these 2 plots. C: same experiments and same plot (E) as in Fig. 2B , except that 10 PF stimuli at 100 Hz were delivered during depolarization of PCs (see inset). Individual values (n ϭ 8) for this plot as in B.
Here, impairment of LTD induction by pairing PF stimuli with direct depolarization of PCs in GluR6 Ϫ/Ϫ mice strongly suggest that, at least with such an induction protocol, activation of presynaptic KA receptors does indeed favors LTD induction. In keeping with the aforementioned assumptions, such an enabling effect might take place through an upregulation of Glu release at PF-PC synapses and an increased activation of the postsynaptic AMPA/mGluR1 receptor cascade.
Buffering power of internal solutions and LTD induction
Internal solutions used for the two induction protocols differed in calcium buffering power (see METHODS), raising the possibility that such a difference might partly or even totally explain the differences observed in long-term changes in synaptic efficacy induced by these two protocols. As far as LTD is concerned, this does not seem to be the case because the proportion of cells that exhibited LTD was the same in both cases in wild-type mice. Moreover, in GluR6 Ϫ/Ϫ mice, LTD was only impaired when using the second pairing protocol, i.e., that with the lowest buffering power, which contradicts current views on the role of calcium in LTD induction (Ito 2001) . Finally, such a lack of correlation is not surprising because EGTA is known to be a slow calcium buffer.
Role of ambient levels and of retrograde release of Glu in LTD induction
In adult wild-type mice, no Glu-dependent component of DSE was observed. This is in agreement with the fact that fully mature animals do not express VGLUT3, the only known vesicular glutamate transporter previously identified in immature PCs (Gras et al. 2005) . Participation of presynaptic KA receptors to LTD induction by the second pairing protocol was therefore very likely to result solely from their moderate activation by ambient Glu levels, leading to a subsequent tonic and moderate increase of Glu release at PF-PC synapses (Crepel 2007; Delaney and Jahr 2002 ; see also these results).
In nearly mature rodents where such a Glu-dependent component of DSE is present (Crepel 2007), one would expect that LTD induction is not favored but is, on the contrary, partly impaired, in keeping with the inhibitory effect of retrogradely released Glu from PCs on the release probability at PF-PC synapses (Crepel 2007) . However, the sensitivity of LTD induction to cell dialysis precludes selective blockade of the Glu-dependent component of DSE by prolonged dialysis of PCs with inhibitors of SNARE-dependent processes (Duguid et al. 2007; Shin et al. 2008) like in previous studies on DPI and DISC (Duguid and Smart 2004; Shin et al. 2008 ). Therefore the demonstration of an inhibitory effect of retrograde release of Glu by PCs on LTD induction in nearly mature animals will await further studies on mice in which VGLUT3 is genetically invalidated.
Possible new role for CFs in LTD induction
The present results show that a contribution of presynaptic KA receptors to LTD induction was crucial when PF inputs were paired with direct depolarization of PCs during induction protocols but was unnecessary when CF inputs replaced direct depolarization of PCs. This suggests that CFs not only participate in LTD induction by provoking calcium entry in postsynaptic cells but also intervene by additional mechanisms that become crucial under conditions of reduced release probability of Glu by PFs. It is well known that CFs release corticotropinreleasing factor (CRF) and insulin-like growth factor I (IGF-I) and that these two peptides contribute to LTD induction (Ito 2001; Schmolesky et al. 2007) . Therefore in pairing protocols involving CF stimulations, such additional mechanisms might well play a role in overcoming the pharmacological or genetic impairment of presynaptic KA receptors.
An alternative mechanism by which CFs may play a role in LTD induction was suggested in this study. Indeed, bath application of a near threshold concentration of the selective mGluR1 agonist S-DHPG significantly rescued LTD in adult GluR6 Ϫ/Ϫ mice when the induction protocol consisted of pairing two PF stimuli with direct depolarization of postsynaptic cells (2nd pairing protocol; see METHODS). This suggests that climbing fibers might also participate in LTD induction by activating postsynaptic mGluR1 receptors at CF-PC synapses (Baude et al. 1993 ). However, this rescue might be simply caused by a stronger activation of mGluR1 receptors at PF-PC synapses in the event these receptors are not saturated by Glu released by PFs, which is likely to be the case for doublets of PF stimuli used during the second pairing protocol (see METHODS and Batchelor and Garthwaite 1993, 1997) . This latter hypothesis seems unlikely because bursts of 10 PF stimuli at 100 Hz during the second pairing protocol failed to restore LTD in adult GluR6
Ϫ/Ϫ mice (see RESULTS) However, if the probability of LTD induction in this sample of cells was significantly lower than that achieved in the presence of S-DHPG, the difference was no longer significant when small LTD of Ͻ15% in amplitude (3 of the 6 cells that exhibited LTD; see Fig. 4B ) were no longer taken into account in the S-DHPG group of cells. Therefore one cannot totally preclude that S-DHPG also intervened in these experiments by increasing saturation of postsynaptic mGluR1 receptors at PF-PC synapses. On the other hand, and by comparison, the fact that results similar to those achieved with the second pairing protocol in adult GluR6 Ϫ/Ϫ mice in the presence of S-DHPG were also obtained in standard bathing medium in these mice when the first pairing protocol (that included CF stimulations) was used suggests that postsynaptic mGluR1 receptors at CF-PC synapses does play a role during LTD induction. Such a role is not mandatory when ambient Glu levels activate functional presynaptic KA receptors in wild-type mice but becomes crucial to overcome the weaker effect of PF inputs during pairing protocols when these receptors are invalidated in GluR6 Ϫ/Ϫ mice. In conclusion, this study extends the family of PF presynaptic receptors that participate in LTD induction. It shows that the use of CF stimuli or of direct depolarization of PCs during induction protocols is not equivalent, contrary to what was commonly assumed thus far in most studies on cellular basis of cerebellar LTD (Ito 2001) . This new complexity adds to the previous one dealing with the timing dependence of cerebellar LTD (Chen and Thompson 1995; Lev-Ram et al. 1997; Safo and Regehr 2008; Thompson et al. 1997; . 
